and connect components in a programmed manner. The idea of manipulating molecular fragments in a similar way has to date only been explored using biological building blocks (DNA). Here we report on a wholly artificial small-molecule robotic arm capable of selectively transporting a molecular cargo in either direction between two spatially distinct, chemically similar, sites on a molecular platform. The arm picks up/releases a 3-mercaptopropanehydrazide cargo by formation/breakage of a disulfide bond, while dynamic hydrazone chemistry controls the cargo binding to the platform. Transport is controlled by selectively inducing conformational and configurational changes within an embedded hydrazone rotary switch that steers the robotic arm. In a three-stage operation 79-85 % of 3-mercaptopropanehydrazide molecules are transported in either (chosen) direction between the two platform sites, without the cargo at any time fully dissociating from the machine nor exchanging with other molecules in the bulk.
The mechanical manipulation of matter at atomic length-scales has fascinated scientists since it was proposed by Feynman in 'There's Plenty of Room at the Bottom'. 1 Drexler has suggested that nanoscale machines should be capable of mechanically positioning atoms, or clusters of atoms, with sufficient precision that they could one day be used to assemble almost any substance or material. 2, 3 However, although individual molecules and atoms can be manipulated with exquisite spatial accuracy using scanning tunnelling and atomic force microscopies, 4 Smalley 5 and others 6, 7 have argued that molecular-sized 'Drexlerian assemblers' cannot be realized, at least not that operate in the way envisaged, as each successive step down towards the nanoscale would increasingly magnify constraints on the assembler (the socalled 'sticky fingers' and 'fat fingers' problems [5] [6] [7] ).
Nevertheless, the idea of using molecules to manipulate other molecules in robotic fashion is an intriguing one that has some precedence in biology: for example, in metazoan fatty acid synthase a growing fatty acid chain, tethered to an embedded carrier protein, is passed between enzyme domains in the protein superstructure in a manner reminiscent of the way a robotic arm manipulates objects on a factory assembly line. [8] [9] [10] DNA has been used to make mechanical systems 11 and dynamic structures that can transport gold nanoparticles, 12 but DNA machines are typically 100-1000× larger in mass/volume than comparable small-molecule systems and, whilst DNA has advantages in terms of ease of structural programing and synthesis, it is limited as a construction material in terms of operating conditions and chemical stability compared to wholly synthetic structures. 13 Small-molecule machines have been developed that can perform mechanical tasks at the macroscopic level [14] [15] [16] [17] [18] and a photoresponsive host molecule has been described that is able to mechanically twist a bound molecular guest. 19 Here we report on a molecular machine that is able to pick up a cargo, reposition it, set it down and release it at a second site approximately 2 nm away from the starting position. The relocation of molecular fragments with a molecular robotic armmaking and breaking covalent bonds in a process during which the substrate is unable to exchange with others in the bulk-is a step towards the controlled manipulation of molecularlevel structures through programmable small-molecule robotics. In chemical terms it is the selective synthesis of constitutional isomers through intramolecular rearrangements that can be induced to proceed in either direction, something that is difficult or impossible to achieve in other ways.
Results and Discussion

Design
The design of a bidirectional small-molecule transporter system, 1, is shown in Fig. 1 . It features two sites (blue and green) for a cargo (red) at either end of a rigid molecular platform to which is attached a 'robotic' arm (i.e. an appendage that can grip, manoeuvre and release an object, and its position with respect to the platform is both well-defined and subject to change in response to a specific stimulus). The arm is steered by a rotary switch (orange) embedded in the middle of the platform, with redox reactions mediating covalent bond formation between the cargo and the arm. Machines need to be designed according to the environment they will function in 20, 21 and the difference in the way matter behaves at different length scales means that a machine intended to mechanically transport a cargo between sites 2 nm apart cannot operate through the same mechanism as one that does so over 2 m. 7, 20, 21 Gravity is irrelevant at the molecular level and to stop the cargo exchanging with other cargo molecules in the bulk, or those associated with other platforms or robotic arms, the same cargo molecule must be bound to the machine ensemble at the start, throughout transport, and at the end. Dynamic covalent chemistry allows for such a process: [22] [23] [24] the cargo-platform linkage was chosen to be a hydrazone group able to exchange between aldehydes (the platform sites) under acid conditions but kinetically inert under basic conditions; the cargo-arm linkage was selected as a disulfide bond that is dynamic under basic conditions but locked under acidic conditions. Accordingly, at no time during the operation of the molecular machine can the cargo detach fully from both the platform and the robotic arm. : toggling the switch (orange) from its initial state, if necessary, steers the arm to be proximate to the cargo (red ball) enabling it to attach to the substrate by reversible covalent bond formation; stage two (pickup, reposition, set down): conditions are changed so that the cargo can no longer detach from the arm and the switch mechanism causes bond rotation resulting in transport of the substrate between the two platform sites (blue and green; the cargo-platform linkages need to be dynamic under these conditions); Stage three (release): cleavage of the cargo-arm bond releases the substrate at the new site and the switch (and robotic arm) can be reset to the original position(s).
The steering mechanism for the robotic arm must hold the rotor (the robotic arm) and stator (the platform) in fixed relative orientations in both states of the switch for the arm to be able to select and deliver the substrate to the correct site with high fidelity. This structural requirement is rare amongst the molecular switches developed to date. 25 However, a hydrazone-based rotary switch developed by Aprahamian, [26] [27] [28] group. The former reduces the likelihood of the arm overreaching to pick up/release the cargo from the 'wrong' platform site; the latter affords degrees of freedom so that attaching of the arm to the cargo (which will already be bound to the platform, forming a macrocycle) does not produce a strained conformation. The cargo, which needs to possess both thiol and hydrazide groups to bind to the robotic arm and platform sites, respectively, was chosen to be 3-mercaptopropanehydrazide (red, Figs 2 and 4).
Synthesis and characterization
Transporter-cargo conjugate EZ-1-left (cargo on the blue platform site) was prepared according to (Fig. 3a) and EZ-1-right (Fig. 3d) , where the molecules differ only in whether the cargo is on the blue or green site, is immediately apparent. More subtle differences are (Fig. 3a) and E-1-right (Fig. 3d) the signal of H n appears at ~15.7 ppm and H x at 4.4 ppm as a result of hydrogen bonding of H n to the pyridine and quinoline nitrogen atoms (as shown for E-1-left in Fig. 2 ). In the corresponding minor configurational isomers, Z-1-left and Z-1-right, H n is hydrogen bonded to the quinoline nitrogen and the carbonyl group of the ester (as shown for Z-1-left in We first established conditions for using the molecular robotic arm to transport the 3-mercaptopropanehydrazide cargo from the blue platform site to the green platform site (Fig.   4, steps a-c) . The arm of EZ-1-left was attached to the cargo by kinetically-controlled disulfide bond formation. Addition of 3 equiv. CF 3 CO 2 H converted the EZ-1-left mixture to a single species within a few seconds (Z-1-H + -left, see Supplementary Fig. 1b) , in which the arm is oriented towards the cargo on the blue platform station (Fig. 4, step a) . This facilitated the rapid conversion to macrocycle Z-2-left, in 95 % yield, upon subsequent addition of iodine. A solution of Z-2-left in C 2 D 2 Cl 4 /C 6 D 5 CD 3 (1:2) was allowed to equilibrate at room temperature in the presence of 70 equivalents of CF 3 CO 2 H (Fig. 4, step b ) and the process monitored by 1 H NMR (see Supplementary Fig. 3 ). Protonation of the hydrazone switch occurred rapidly, accompanied more slowly by acyl hydrazone exchange, and after 6 h a 17:83 mixture of Z-2-
-right was obtained. The mechanism of rotary switching and relocation of the cargo is shown in Fig. 5 (top pathway) . 26, 30 Neutralizing with excess Et 3 N gave a mixture of Z-2- (Fig. 4 , step c) to yield EZ-1-right. The overall efficiency of the repositioning of the 3-mercaptopropanehydrazide from the blue platform site to the green platform site was 79 % (Fig. 4 , steps a-c).
Next, we turned our attention to backward transport, and a related set of reaction conditions (configuring the rotary switch in the opposite sense) allowed cargo translocation from the green to the blue platform site (Fig. 4, steps d-f) . EZ-1-right was oxidized to macrocycle E-2-right in 95 % yield, using Et 3 N (to neutralize hydrogen iodide formed during the reaction) and iodine in C 2 D 2 Cl 4 (Fig. 4, step d) . Five equivalents of CF 3 CO 2 H were added to a solution of macrocycle E-2-right in C 2 D 2 Cl 4 (Fig. 4 , step e) and the reaction monitored by 1 H NMR (see Supplementary Fig. 9 ). Protonation of E-2-right rapidly generated a mixture of E-2-H 2
2+
-right and Z-2-H 2
-right, which converted slowly to >90% Z-2-H 2
-left over a period of six days ( (Fig. 4) giving a 63 % yield of EZ-1-left (86 % per step).
Conclusions
We have synthesized and operated a novel molecular device capable of selectively transporting a small-molecule cargo in either direction between two sites 2 nm apart on a molecular platform. An efficient three-stage operation utilizes a pH-responsive rotary switch to steer a molecular robotic arm that can grip or release a cargo through disulfide bond formation, together with a dynamic hydrazone linkage used to bind the cargo to the platform sites. We envisage that such systems will be useful for the development of molecular-sized machines that can manipulate substrates to control molecular construction, 34 in a manner reminiscent of that observed in fatty acid synthase and factory assembly lines.
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